[1] Chorus emissions are generated by a nonlinear mechanism involving wave-particle interactions with energetic electrons. Discrete chorus wave packets are narrowband tones usually rising (sometimes falling) in frequency. We investigate frequency sweep rates of chorus wave packets measured by the Wideband data (WBD) instrument onboard the Cluster spacecraft. In particular, we study the relationship between the sweep rates and the plasma density measured by the WHISPER active sounder. We have observed increasing values of the sweep rate for decreasing plasma densities. We have compared our results with results of simulations of triggered emissions as well as with estimates based on the backward wave oscillator model for chorus emissions. We demonstrate a reasonable agreement of our experimental results with theoretical ones.
Introduction
[2] Whistler mode chorus is a common type of very low frequency (VLF) emission observed in the Earth's magnetosphere [Gurnett and O'Brien, 1964] and in other planetary magnetospheres [Gurnett et al., 1981; Menietti et al., 2008; Hospodarsky et al., 2008] and detected on the ground [Storey, 1953; Manninen, 2005; Gołkowski and Inan, 2008] . Whistler mode chorus emissions are generated by a nonlinear mechanism through a cyclotron instability with anisotropic distributions of energetic electrons (with energies between a few keV and several tens of keV [Trakhengerts, 1963; Kennel and Petschek, 1966; Tsurutani and Smith, 1974] ) in the Earth's magnetic field, when discrete narrowband wave packets (chorus elements) of short duration (∼0.1 s) are created. Wave-particle interactions play an important role in the acceleration of electrons in the radiation belts to relativistic energies as well as in the losses of energetic electrons during geomagnetic storms [Horne and Thorne, 1998, 2003; Horne et al., , 2005 Meredith et al., 2002 Meredith et al., , 2003 Santolík et al., 2004a; Demekhov et al., 2006] .
[3] Spacecraft and ground based observations help to characterize the source of chorus emissions, which is located within a few degrees of the magnetic equator and its characteristic scale parallel to the magnetic field B 0 lies in the range 3000-5000 km [LeDocq et al., 1998; Santolík et al., 2004a] while the characteristic size perpendicular to B 0 is between 60 and 200 km [Santolík et al., 2004b] . Near the source region chorus emissions occur in two distinct frequency bands (banded chorus) lying at frequencies from a few hundred Hz to several kHz with a gap at one half of the equatorial electron cyclotron frequency ( f ce ). Banded chorus was positively correlated with magnetic activity [Anderson and Maeda, 1977] . Suggestion, that Landau damping is one of the possible mechanisms explaining the existence of the gap was first mentioned by Tsurutani and Smith [1974] . Omura et al. [2009] solved this problem by a system of equations based on the nonlinear Landau damping. In recent studies Bell et al. [2009] discuss the role of ducts in formation of the gap. The frequency range of the lower band extends from 0.1 to 0.5 f ce and the upper band extends from 0.5 to 0.7 f ce [Burtis and Helliwell, 1969; Tsurutani and Smith, 1977; Meredith et al., 2001] . The majority of chorus wave packets are rising in frequency (risers) from a few kHz to a few tens of kHz per second; falling tones (fallers) are also observed [Sazhin and Hayakawa, 1992] .
[4] Since the spectral forms of the chorus elements and of triggered ELF/VLF emissions [Nunn et al., 1997] are very similar, the theory of triggered signals can be used as a starting point for understanding chorus generation. The basic parameters of chorus elements can also be estimated on the basis of the backward wave oscillator (BWO) model [Trakhtengerts, 1995 [Trakhtengerts, , 1999 Trakhtengerts et al., 2004] and on the basis of the theories proposed by Omura et al. [2008 Omura et al. [ , 2009 . For example, the BWO model predicts that the chorus frequency sweep rate df/dt is proportional on the wave amplitude B w . This is based on the suggestion that the frequency drift results from sequential generation of sidebands. Similar dependence of df/dt on B w has also been obtained by Omura et al. [2008] using another approach, namely, by analyzing the maximum nonlinear growth rate under an assumption that the electron distribution has a plateau within the nonlinear trapping region of the phase space.
[5] The aim of this paper is to present an experimental study of chorus frequency sweep rates df/dt. Since the experimental analysis of wave amplitudes B w is a complex problem, we first aim at analysis of df/dt as a function of the background plasma density which has been noted in numerical simulations by Nunn et al. [2005] . The analysis of the dependence of df/dt on the wave amplitude B w is beyond the scope of this paper and results will be reported separately when they become available.
[6] In the present paper, we analyze several chorus events with significantly different plasma densities and we compare the results with a theoretical model and numerical simulations. We analyze the statistical distribution of df/dt for these events and we obtain a relationship between the median frequency sweep rate of chorus wave packets and the median plasma density, which can be compared with theoretical predictions. For this comparison, we use the backward wave oscillator model and numerical simulations of triggered emissions, since both these models yield similar scalings of df/dt with n e , which can be separated from the dependencies on other parameters. Section 2 explains this expected scaling of df/dt as a function of the plasma density based on these models. Selection criteria for chorus emissions used in this analysis are defined in section 3. The analyzed data set is briefly described in section 4. This section also shows an example of chorus wave packets, and examples of histograms of the frequency sweep rates. Section 5 contains results of our experimental study and a comparison of observations with the theoretical scaling based on the model of Trakhtengerts et al. [2004] and with the numerical simulations of Nunn et al. [2005 Nunn et al. [ , 2009 . Section 6 presents brief conclusions.
Theoretical Background
[7] Nunn [1990] developed the VHS (Vlasov Hybrid Simulation) technique, applied it to the problem of nonlinear wave-particle interactions in the VLF band, and used it for numerical simulations of the triggered emissions. The code produces stable reproducible emissions whose characteristics agree with experimental observations. Both triggered and chorus VLF emissions are formed via nonlinear cyclotron wave-particle interactions, and an individual element can be regarded as an emission triggered by the previous element. The physics of the nonlinear frequency shift in chorus and triggered emissions seems to be basically the same. Numerical simulations based on the 1-D VHS code show the physics of the triggering process and also how the properties of the triggered emissions depend upon different parameters.
[8] Nunn et al. [2005] systematically varied each input parameter to investigate how the triggered emissions depend on the individual simulation parameters and what factor determines the emission frequency sweep rate. The input parameters were as follows: the linear growth rate, the magnitude of the input wave pulse, the plasma density, the triggering pulse length, the saturation amplitude employed in the code, and the simulation bandwidth. It was found that the sweep rate depended most strongly on the plasma density, with the sweep rate magnitude decreasing as the density increased.
[9] Trakhtengerts [1995 Trakhtengerts [ , 1999 suggested a generation mechanism of chorus emissions based on the BWO (Backward Wave Oscillator) regime of wave-particle interactions and a nonlinear wave growth. When a step-like deformation in a distribution function of energetic electrons in the parallel velocity component with respect to the magnetic field is present, an absolute instability of whistler mode waves can occur. If a sharp enough gradient in parallel velocities is absent, the linear phase of this instability requires very high fluxes and anisotropies of energetic electrons at lower equatorial radial distances of about 4-5 Earth radii. Note that at higher radial distances, in agreement with the results of Li et al. [2010] , one-hop gain can be high enough to develop the instability in another regime, but our data are obtained at lower radial distances. That is the main reason, why we assume the step-like feature. This deformation can come from the cyclotron interactions of electrons with noise-like emissions. The electrons having a step-like distribution and moving along the magnetic field lines generate chorus emissions propagating in the opposite direction.
[10] The BWO theory provides us with quantitative estimates for basic parameters of the chorus emissions, such as the chorus growth rate, the wave amplitude and the frequency sweep rate. The growth rate of the absolute (BWO) instability is described by Trakhtengerts et al. [2004, equation (4) ]. The growth rate determined by this equation and the trapping frequency determined by Trakhtengerts et al. [2004, equation (14) ] allow us to estimate the characteristic chorus wave amplitude in a different way. These two parameters are related by Trakhtengerts et al. [2004, equation (13) ]. From Trakhtengerts et al. [2004, equations (13) and (14)] we can calculate the value of the wave amplitude. In this theory, the frequency of the chorus emissions is determined by the parallel velocity of the electrons, corresponding to a step-like deformation in the distribution function of resonant electrons [Trakhtengerts et al., 2007] .
[11] To compare the observations with the theoretical estimates based on the BWO model and numerical simulations, we calculate the median values of the sweep rates (df /dt) for each event. We then use a rough theoretical estimate of the frequency sweep rate given by Trakhtengerts et al. [2004, equation (16) ], according to which
where g BWO is the growth rate of the absolute instability at the linear stage of the whistler mode wave growth. When we take into account also Trakhtengerts et al. [2004, equation (13) ], we can note that these two formulas for the sweep rate are actually similar to that given by Omura et al. [2008, equation (49) ], who use a different description of the mechanism of the frequency sweeping.
[12] Equation (1) combines the proportional scaling of df/dt with wave amplitude [Trakhtengerts, 1999; Omura et al., 2008] and an estimate for the wave saturation amplitude based on the nonlinear theory of the cyclotron instability [see Trakhtengerts et al., 2004] . Such a combination allows us to exclude the wave amplitude from the formula for df /dt. The growth rate can be then estimated according to a corrected version of equation (4) of Trakhtengerts et al. [2004] :
[13] Here, Q is the dimensionless parameter proportional to the square root of the density of energetic electrons related to the threshold for the BWO regime. According to a newer analysis by Bespalov and Demekhov [2009] , equation (2) is valid for Q ≈ 1, and for Q > 1, another equation can be used:
T 0 in equations (2) and (3) is the characteristic time scale of the BWO:
where l BWO is the characteristic length of the BWO system (chorus source region), and v * and v g are the absolute values of the parallel velocity of resonant electrons and the group velocity of the whistler mode waves, respectively.
[14] An estimate for l BWO is given by Trakhtengerts et al. [2004, equation (3) ]:
where L is the McIlwain parameter, R E is the Earth's radius, and k if the wave number.
[15] Assuming f p 2 ) f ( f − f ce ), where f p is the plasma frequency, and f ce is the electron cyclotron frequency, and assuming further propagation with wave vectors parallel to the background magnetic field B 0 , we can use a simplified cold plasma whistler mode dispersion relation:
This relation can be used to estimate the group velocity v g :
The condition of the first-order cyclotron resonance gives us the resonant parallel velocity v * :
[16] Combining equations (1), (3), (4), (5), (7), and (8) with the relation of the plasma frequency f p to the plasma density, f p 2 = n e e 2 m e −1 0
, (where e, m e , and 0 , respectively, are the electron charge, mass, and the vacuum permittivity), and separating the dependence on the plasma density n e , we obtain the following scaling:
where a % 240
[17] For simplicity, we neglect the fact that a depends on f and f ce in our analysis. Furthermore, L values of our observations are close to each other and approximately equal to 4.4. The most significant unknown in this scaling is the parameter Q which quantifies the excess of energetic electron density above the generation threshold. The simulations of Demekhov and Trakhtengerts [2008] show that chorus elements are formed only if Q is sufficiently high, and that they are not formed if Q is only marginally above unity. This is also the reason why we use equation (3) (for Q > 1) instead of equation (2) (for Q ≈ 1) in evaluating an estimate of the scaling factor a in equation (10). To make the comparison with the observations possible, we, however, have to impose a hypothesis that the parameter Q is on average independent of n e and that it is the same for all chorus events.
[18] We then use the relationship described by equation (9) to fit the experimental data, where we use the experimentally determined median value of the plasma density for n e , df /dt is the median value of the observed frequency sweep rate, and a is a free parameter. The value of a is determined from a least squares fit of the model described by equation (9). To generalize our results, and to verify is the theoretical scaling from equation (9) well corresponds to our observations, we replace the exponent of −2/3 by another free parameter b:
A linear fit of a logarithm of this equation gives an estimate of the values of the parameters a and b.
Analysis of the Chorus Sweep Rate
[19] To compare the observations with the theoretical estimates based on the BWO model and numerical simulations, we have calculated the median values of the sweep rates (df /dt) for each event.
[20] We have analyzed measurements of the WBD instrument , the STAFF-SA instrument [Cornilleau-Wehrlin et al., 1997] , and the WHISPER active sounder [Décréau et al., 2001] on board the four Cluster spacecraft. The WBD instrument provides us with highresolution measurements of one electric or one magnetic component. We use the data, which were measured in the instrument's lowest frequency band with a lower frequency of approximately 100 Hz and with a total bandwidth of 9.5 kHz. Three components of the wave magnetic field are measured by the STAFF-SA instrument, which has an upper frequency limit of 4 kHz. We calculate the parallel com-ponent of the Poynting flux normalized by its standard deviation from the components of the magnetic and electric fields. This value, as well as the electromagnetic planarity parameter [Santolík et al., 2003] , allows us to determine the localization and size of the source region of chorus emissions for each analyzed event using the same procedure as Santolík et al. [2004b] . The measurements from this region give us credible information about the frequency sweep rate in the generation region, because outside the source region the wave dispersion can change the inclination of the chorus wave packets in the frequency-time plane and therefore it has an influence on the value of the frequency sweep rate.
[21] This study is limited to intense chorus events where the power spectral density of electric field fluctuations (PSD) is larger than 10 −5 mV 2 m −2 Hz −1 . In addition to this criterion, individual chorus wave packets are required to be at least 2 orders of magnitude above the background. Data from the WBD instrument must be available for the identification of these chorus wave packets. To specify the total plasma density during the processed time intervals, data from the Whisper active sounder must also be available. From the beginning of the spacecraft mission in 2001 until the end of 2005, we found thirteen cases fulfilling the above mentioned criteria, which allow us to obtain the value of the frequency sweep rate for many thousands of wave packets. First, we have visually identified each chorus element (see Figure 1 for an example) on the frequency-time spectrograms and then we have visually determined its starting frequency f 1 , its ending frequency f 2 , as well as the times t 1 and t 2 corresponding to its starting and ending frequency, respectively. In this study we do not take into account the hook shapes of the chorus elements; we assume that individual wave packets are risers linearly increasing their frequency, or fallers linearly decreasing their frequency as a function of time.
[22] From these values we have calculated the frequency sweep rate for each chorus wave packet as follows:
The first results of this method have been presented by Santolík et al. [2008] .
Data Set
[23] All processed time intervals with different levels of geomagnetic activity, different median plasma densities and different L shells are listed in Table 1 . In all cases the source region was found near the geomagnetic equator. The events are listed in Table 1 respective frequency sweep rates are provided separately. In most cases different spacecraft are passing through the source region in different times, which causes a time shift between starting and ending times of individual time subintervals from the different spacecraft. The first two columns in Table 1 therefore show the maximum time interval, enveloping all subintervals from the individual spacecraft.
[24] Both rising and falling tones were observed in three of the processed cases. The plasma density remains almost constant in two of them. For example, on 12 April 2001 we observed most of the risers during the entire time period in the upper band and most of fallers in the lower band. However, in this case the amplitude of chorus wave packets was amplified during their propagation away from the equator and this effect may have an influence on the variability of the value of df/dt. A study based on a larger data set could manifest that also other factors can play important role in the variability of the df/dt during the analyzed time interval.
[25] Below are briefly described other three cases with examples of the probability density function of the frequency sweep rate.
[26] On 6 December 2003 from 14:30 to 15:00 UT at L = 4.6 and MLT = 6.4, mostly rising tones were observed (see an 18 second example Figure 1) . A histogram of the probability density function of the frequency sweep rates of these risers is given in Figure 2 . In Figure 2 the median value of the sweep rate is marked by a red dashed line and two percentiles P 16 100 and P 84 100 , corresponding to values separated by ± one standard deviation from the mean value in an ideal case of a normal distribution, are marked by blue dotted lines. In our case these percentiles characterize the width and asymmetry of the probability density functions.
[27] Figure 3 provides a histogram of the frequency sweep rates on 19 November 2001 from 12:00 to 12:45 UT at L value 4.5 and MLT 7.4 when mostly fallers were observed.
[28] On 21 October 2001 from 23:15 to 23:35 UT, when the median plasma density was high at 105 cm −3 and the geomagnetic activity was very high at L = 4.1 and MLT = 8.9 both risers and fallers were observed. The histogram of the probability density functions of the sweep rates of risers for this event is given in Figure 4 .
Results of the Sweep Rate Study
[29] During the thirteen time intervals with different values of the plasma density, we have observed chorus wave packets with different frequency drift rates in the frequencytime plane and with different extents in frequency and time. The following information is provided, by column number: 1, date; 2, time interval; 3, L; 4, MLT; 5, median plasma density n e−(median−P14/100) +(P84/100−median) ; 6, K p index; 7, median value of the frequency sweep rate percentiles.
The duration of individual chorus wave packets varied between 30 and 500 ms; see an example for 6 December 2003 in Figure 5 .
[30] Table 1 shows small affect of parameters MLT, K p and L on the value of df/dt, beyond plasma density, which is the most significant parameter for sweep rate. We cannot exclude, however, that a larger sample of processed cases might show some influence of the other parameters on the value of df/dt.
[31] We fit median values of the sweep rate of the measured risers with the theoretical model (equation (9)) using a least squares method. In Figure 6 each diamond symbol represents the median value of the plasma density (particles per cc) versus median sweep rate (kHz/s) for one of the thirteen processed chorus events. The error bars correspond to the percentiles: P 16 100 and P 84
100
. Red dashed lines describe results of the numerical simulation [Nunn et al., 2005 [Nunn et al., , 2009 . The green dashed-dotted line represents the theoretical scaling based on the BWO model of Trakhtengerts et al. [2004] from equation (9). The free parameter a from equation (9) is estimated using a least squares method and its value is a = 23.0 ± 2.8.
[32] Figure 7 shows the same data as in Figure 6 but only for risers, and with different fits superimposed. Blue thin (11)) of theoretical scaling based on the model of Trakhtengerts et al. [2004] with the following input parameters: logarithm of the median plasma density, logarithm of the median value of df/dt for risers and measurement errors defined as ((log P 16 100 − log P 84 100 )/2). In this case the (9)) based on the BWO model of Trakhtengerts et al. [2004] . We fit median values of the sweep rate of the measured risers with the theoretical model (see equation (9)) using a least squares method. parameters from equation (11) are a = 18.3 ± 1.8 and b = −0.44 ± 0.18. The blue solid line is the linear fit with another set of input parameters: logarithm of the median plasma density, logarithm of the geometrical average of P 16 100 and P 84 100 and measurement errors defined as log(P 84 100 median value of risers). In this case the parameters from equation (11) are a = 19.3 ± 1.7 and b = −0.46 ± 0.17. The value of the parameter b is smaller than the theoretical scaling based on the BWO theory (equation (9)) but it is close to the theoretical value of −2/3 within the estimated experimental error.
Discussion and Conclusions
[33] We have investigated the frequency sweep rate of the chorus emissions as a function of the plasma density in the equatorial plane near L = 4.2-4.6. We calculate the plasma density from the value of the plasma frequency obtained by the WHISPER active sounder. The plasma frequency is sometimes well defined and values of the plasma frequency are accessible with a time resolution of a few seconds during the whole processed time interval. A limited number of values of the plasma frequency is available in other events. This is the reason why we used the median plasma densities for comparison with theoretical and simulation results. In some of the cases, there is a large uncertainty associated with the identification of the plasma frequency. For example, during 18 April 2002, intense natural waves are perturbing the identification of the plasma frequency in spectral signatures. Experimental errors are therefore equal to tens of percent of the median plasma density.
[34] The duration of individual chorus wave packets varied between 30 and 500 ms. During the selected events, mostly risers occurred. Figures 6 and 7 show a general trend of increasing sweep rates with decreasing plasma density. This result was predicted by numerical simulations [Nunn et al., 2005 [Nunn et al., , 2009 as well as by the theoretical scaling based on the BWO theory. It is noteworthy that the absolute values of df/dt for fallers show the same tendency as for risers; that is, they increase with decreasing plasma density.
[35] A more detailed comparison shows that the absolute values of the sweep rates of risers are in a good agreement with the numerical simulation within a density range of 20-105 particles per cubic centimeter. At the same time, the agreement is not so good for densities less than about 20 particles per cubic centimeter. For these low plasma densities the value of the frequency sweep rate is not uniquely determined. Measurements and numerical simulations give more than one value of the frequency sweep rate for one value of plasma density, because chorus wave packets have in this range of plasma densities random behavior and the value of the frequency sweep rate of individual wave packets vary very strongly. It is, however, possible, that the sweep rate of each element is a well determined function of the ambient plasma parameters: in some processed cases the plasma density fluctuations were rather large. In the area of high densities experimental results for fallers give slightly larger values of sweep rates than the numerical simulations. The comparison with the BWO theory shows a reasonable agreement of the general functional form (equation (9)) with the experimental data for risers. A more conclusive test would need more experimental data points and a better coverage of the given range of plasma densities, including the interval between 40 and 105 particles per cubic centimeter.
[36] The theoretical scaling based on the BWO theory is reproduced within statistical errors of the fit show in Figure 7 . Following the discussion after equation (9), it is probable that the parameter Q (defining excess of the energetic plasma density above the generation threshold) is not the same for all our cases. Therefore the parameter a in equation (11) is not constant and this can bias the fit. However, the obtained rough agreement with the theory indicates that values of Q are on average not substantially different for different n e . On the other hand, we cannot exclude that Q may vary strongly within the time interval of each event and cause the observed spread of df/dt. To summarize, our study demonstrates that the plasma density is a parameter which is correlated with the characteristic frequency sweep rates of chorus elements. From the Table 1 is evident, that other factors (MLT, L and K p ) were less significant for the value of df/dt.
[37] As the theories of Trakhtengerts [1995 Trakhtengerts [ , 1999 , Trakhtengerts et al. [2004] , and Omura et al. [2008, 2009] predict strong dependence of df/dt on the wave amplitude B w , the work on experimental analysis of this effect is underway, and we will report our results when they become available.
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